Future optoelectronic devices and their low cost roll-to-roll production require mechanically flexible transparent electrodes (TEs) and substrate materials. Indium tin oxide (ITO) is the most widely used TE thanks to its high optical transmission and low electrical sheet resistance.
INTRODUCTION
Polymer Solar Cells (PSCs) have the potential to supply a significant amount of the world's energy provided from renewable resources. Moreover, they have several advantages over costly and complex solar cells that are widely in use today. [1] [2] PSCs use inexpensive materials, are easily processed, light weight and can be made mechanically flexible. 3 Two kinds of classic conjugated polymers, Poly(phenylene vinylene)s (PPV) and Polythiophenes (PTs), are broadly used in photovoltaic cells. Among the PPV-based materials, MEH-PPV and MDMO-PPV are employed as electron donor materials in solar cells, and they exhibited much similar photovoltaic properties. 4, 5 Photon Conversion Efficiency (PCE) of 2 % has been recorded by using MEH-PPV. However, the performances of the solar cells based on MEH-PPV and MDMO-PPV are limited because of the big mismatch between their absorption spectra and the solar irradiation spectrum. In comparison with them, P3HT, one of the derivative of poly(3-alkylthiophene) exhibits lower band gap, broader absorption band and also better hole mobility, and therefore, this conjugated polymer exhibited much better photovoltaic properties. 6 Recently many more high-performance polymers with low band gap such as poly[N-9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′benzothiadiazole)] (PCDTBT), Poly [4,8- bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6diyl-alt-4-substituted-thieno [3,4b] thiophene-2,6-diyl](PBDTTT) and benzodithiophene polymer (PTB7), have been developed to better harvest the solar spectrum, especially in the 1.4 -1.9 eV region. PTB7 has allowed to fabricate photovoltaics devices with efficiency above 8%. On the othe hand, the most efficient know acceptor materials are fullerene and fullerene derivatives, in particular [6, 6] -phenyl-C-61-butyric acid methyl ester (PC 61 BM) and [6, 6] -phenyl-C-71-butyric acid methyl ester (PC 71 BM). 7, 8 Materials innovation is one of the major forces currently driving the performance of PSCs, but also the device optimization by utilizing different architectures or a controlled morphology of active layers is a successful strategy to improve the PCE of PSCs. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] However, current state-of-the-art PSCs are typically fabricated on substrates coated with indium tin oxide (ITO) transparent electrodes (TEs) and this represents an obstacle for the successful commercialization of PSCs. [19] [20] [21] [22] [23] [24] In fact, ITO is not an ideal TE material with regard to low cost and mechanical flexibility. [25] [26] Scarce supplies and increasing demand has led to substantial price fluctuations of indium. [27] [28] , PEDOT:PSS has also been combined with thin metal grids (with a thickness generally less than 100 nm) using various processing techniques. [41] [42] [43] Owing to its superior optical transmittance, electrical conductivity, atomical thinness, and excellent resistance to chemicals and solvents, also graphene has been recognized as an important material for TEs in optoelectronic devices. 44, 45 It has been used as TE for both organic and dye-sensitized solar cells in many research groups. However, the research is still at the early stage and the performance of such devices has not been as good as that of the devices with ITO electrodes since the conductivities of graphene electrodes are relatively low. [46] [47] [48] Despite that, due to its much better flexibility than ITO, graphene is suitable for applications in flexible electronics. 49 Graphene oxide (GO) and , chemically reduced graphene oxide (rGO) films on polyethylene terephthalate (PET) polymer have been reported as flexible substrate
for new transparent optoelectronics devices. 50 In the field of organic photovoltacs, the highest _PCE incorporating rGO is of 1.1%. 51 More recently, high performance flexible PSCs with a PCE of 8.7% on PET substrate precoated with ITO were developed by using the P3HT:PC61
BM system. 52 Although this is the best achievement in terms of PCE for PSCs on polymeric subsrate, as far as we know, the main limitation is rapresented by the use of costly ITO.
Alternatively, another ITO-free TE is ultrathin (<10 nm thick) metal films (UTMFs), as they combine high electrical conductivity, large mechanical flexibility, the possibility of low temperature-processing, and low cost. UTMFs are also scalable on large areas with straight forward sputtering deposition processes. [53] [54] [55] When UTMFs are embedded between two transparent conductive oxide (TCO) layers, the final multilayer electrode exhibits improved electrical and optical properties compared to the single UTMF. 56 In this paper, we investigate a multilayer TiO 2 /Ag/AZO based TE on mechanically flexible
Corning®Willow® Glass substrates with a thickness of 0.140 mm and its application as bottom electrode in inverted PSC devices. With respect to conventional flexible polymer substrates (such as PET, polyethylene naphthalate (PEN)), flexible thin glass provides higher optical transmission, lower surface roughness, improved film adhesion, higher-processing temperatures, superior anti-permeation properties against oxygen and moisture, while at the same time ensuring sufficient mechanical flexibility, essential for roll-to-roll manufacturing processes. 57 In fact, several high temperature processed TEs on flexible glass substrates were compared in terms of bending performance with respect to commercially available ITOcoated polymer films. 58
EXPERIMENTAL DETAILS
TE deposition: Flexible Corning®Willow® Glass, 0.140 mm thick and 2×3 inch square was used as substrate. Before TE deposition, the substrates were cleaned in acetone followed by ethanol in ultrasonic bath, each process lasting 10 minutes. The substrates were then rinsed in abundant DI water and dried with nitrogen gas followed by oxygen plasma for 150 seconds.
The entire TE structure was prepared by magnetron sputtering without breaking the vacuum. 
RESULTS AND DISCUSSIONS
Ag is chosen as the UTMF for the multilayer TE because of its high transparency in the visible region for thicknesses <10 nm and low electrical resistivity (ρ bulk ~ 1.59 × 10 -8 Ω m).
The ultrathin Ag film was capped with an antireflective thin AZO layer which also protects the underneath metal from oxidation. TiO 2 was used as an undercoat layer. It has a relatively high refractive index (about 2.7) and large optical transparency (negligible absorption) and thus reduces further the reflection and correspondingly increases the optical transmission of the whole multilayer TE. Besides, TiO 2 is an efficient seed layer for Ag that improves its smoothness and continuity at very low thicknesses, in this way reducing the R S and the light scattering (haze). Firstly, we investigated the effect of Ag mid-layer thickness on the electro-optical properties of the multilayer structure. nm) Cu layers can be used as a seed to make Ag continuous at very small thicknesses (even 3 nm). 59 The transition from an aggregated (granular) Ag film to a continuous film was also investigated by scanning electron microscopy (SEM). Table 2 one can see that 34 nm TiO 2 undercoat layer provided the optimum transmission (average of 87.66%). The surface morphology of the optimized multilayer TE structure was measured using AFM (Figure 4a) . The relatively low surface roughness (RMS value of 1.3 nm) makes the proposed TE structure suitable for PSCs. 59 Before depositing the PSC's layers, surface treatments are usually employed to obtain an optimum morphology of the blend which improves the cell's performance. Annealing steps such as thermal or solvent treatments on polymer-based systems result in two main structural evolutions: crystallization and phase separation including coarsening, which has already been investigated for many different systems. 60 In our case, prior to the PSC fabrication, the proposed multilayer TEs were subjected to annealing treatment from room temperature up to 150°C for 10-15 min to evaluate their thermal stability. This range of temperature provides the optimal annealing steps to improve the morphology of some blends. No measurable variations were observed in the optical transmission and sheet resistance of the multilayer TEs, confirming that AZO films as thin as 30-40 nm act as excellent protective barrier for the underlying Ag. All these factors contributed to achieving a PCE of 6.6%, more than 85% that of the ITO reference device, clearly indicating that the proposed electrode is a competitive alternative to ITO.
To evaluate the mechanical flexibility of the fabricated device on flexible glass substrate incorporating the trilayer TE, we measured the PSC parameters as a function of the bending radii and after multiple cycles in a 2-point bend configuration. 
CONCLUSIONS
We have developed a newly designed TiO 2 /Ag/AZO trilayer transparent electrode on flexible thin glass sheets and built an ITO-free polymer solar cell upon it. The TE showed remarkably low roughness, high optical transmission and low electrical sheet resistance, resulting in a measured cell PCE of 6.6 %, which is larger than 85% that of a reference cell on conventional ITO substrate. Flexibility tests on the ITO-free PSC showed its high mechanical robustness
under repetitive bending cycles. The proposed multilayer transparent electrode can thus be considered a serious competitor to ITO, in particular for large area roll-to-roll fabrication. The work also demonstrates the potential of thin glass with respect to more common polymeric substrates, when one considers its higher surface quality, impermeability to oxygen and moisture and the possibility of higher temperature processing.
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